Laser Metal Deposition Shaping (LMDS) is a state-of-the-art technology that combines rapid prototyping and laser processing. There are many factors affecting the quality, precision, microstructure and performance of LMDS-deposited parts. Among them, dilution ratio is a significant one since it is not only an important index to judge the laser cladding quality, but directly affects the interlayer bonding strength and performance quality of as-formed metal parts. Thus, the substantial LMDS experiments were performed to conclude the influence of processing parameters on dilution ratio of laser cladding layer. The results indicate that the influence degree of scanning speed is most significant, while that of laser power is relatively slight. In order to ensure the perfect forming quality and strong metallurgical bonding, it is necessary to choose suitable dilution ratio to accomplish the LMDS process.
Introduction
With coaxial powder injection, laser direct rapid manufacturing process allows for near net shape parts to be produced directly from a CAD program with accpetable design tolerances. Other rapid prototyping (RP) techniques such as stereolithography predated this technology, but many of these processes relied heavily on plastics, either in bulk or as a coating to a metal powder [1] . The advantage of the laser direct rapid manufacturing technique is that bulk metallic pieces can be produced rapidly and freely. Notice that for both traditional CNC machining and novel laser direct rapid manufacturing, there are significantly fewer steps to the manufacturing process. The advantage of latter over former is that laser direct rapid manufacturing can be used to produce complex internal cavities and is near-net shape (little machining) while CNC machining produces limited geometries and the machining chips must be reclaimed [2] .
Laser direct rapid manufacturing technology uses metal powders and high-power laser. The powder feed system is arranged such that the focal point of all powder inlets coincides with the laser focus. The laser raises the temperature of the powders to near the melting point. Additionally, the laser melts the substrate. The hot powder is fed into the melt pool and the substrate moves relative to the dual focal point, allowing the molten metal to solidify. Due to the relative movement, driven by the sliced 3-D CAD model, between the substrate and the laser, the molten material quickly solidifies owing to heat dissipation mainly from the substrate and forms a strong metallurgical bond with the original surface. Thus, the programmed tool paths of each slice leave a solidified deposit representing a 2-D outline of the cross section of desired solid object. The laser/nozzle assembly then ascends in the vertical direction so that the next layer can be added [3] . Consequently, a 3-D object is formed layer by layer. The single-step ability of these techniques to manufacture products at near net shape has the potential to revolutionize the production of small-lot metallic products by decreasing the time and expense associated with intermediate procedures and equipment [4, 5] .
Due to such attractive advantages of these rapid manufacturing techniques, some relative researches need to be proposed and performed through both theoretical and experimental methods. One of these advanced techniques, Laser Metal Deposition Shaping (LMDS) was developed for some research plans. Laser Metal Deposition Shaping is actually the process of multiple-layer laser cladding under the control of computer. Accordingly, the dilution ratio is not only an important index to judge the laser cladding quality, but directly affects the interlayer bonding strength and performance quality of as-formed metal parts. In order to promote the quality of metal parts built by LMDS and master the influence rules of processing parameters on dilution ratio of laser cladding layer of as-formed metal parts, stainless steel 316, a kind of typical and widely used material, was selected to fulfill the experimental study on laser direct rapid manufacturing process.
In order to confirm the influence regularity, this work employed the LMDS system to carry out the related experiments, and then the effects of processing parameters on dilution ratio of as-deposited metal parts were analyzed in detail.
Experimental Details
Experimental Condition. In view of the practicability of material, the widely used stainless steel 316 powder is chosen as the experimental material, and the particle size is 200 mesh. Moreover, the substrate material is steel A3 with the thickness of 10 mm. The chemical composition of deposited material and substrate are listed in Table 1 .
The laser rapid manufacturing equipment exhibited in Fig. 1 was developed in Shenyang Institute of Automation, Chinese Academy of Science, which is named Laser Metal Deposition Shaping (LMDS) system. It consists of a 3 kW continuous wave CO 2 laser, a set of NC system including an industrial control computer, a PCI-1240 motion control card and a six-axis NC machine tools, and a powder feeding system composed of a two-stockhouse storage and feeding system and a coaxial powder nozzle. Theoretical Calculation Method. Dilution is the variation degree of composition of cladding alloy arising from the blend of molten substrate during the laser cladding. It is reprensented as the percent of substrate alloy in cladding layer, and is related to the shape of cladding layer. The methods of calculating dilution can be divided into two kinds: One is according to the practical test of the compostion of cladding layer; the other is based on the measured value of cross section area of cladding layer. The latter is called the geometric dilution, which is the simple and general representation of dilution. Due to the limited experimental condition, the dilution is calculated through the latter method in the experiments. 
where η is the dilution ratio，A 1 denotes the cross-section area of cladding layer, and A 2 represents the cross-section of molten zone of substrate. For the calculation convenience of dilution ratio, the outline of cross-section of cladding layer and the boundary line between cladding material and substrate are both seen as arc proximately, so the areas of A 1 and A 2 can be treated as the section of circle. Then, the expression of dilution ratio can be written as [6] : (2) where D is the depth of cladding layer molten into the substrate, and W , H are the width and thickness respectively. This research applies the single-layer, single-path cladding experiment to measure the geometric parameters of cladding layer, namely D, W and H, and then analyzes the changing regularity between the dilution ratio of cladding layer and processing parameters. Experimental Procedure. The whole experimental process was conducted with the protection of argon. In order to investigate the effects of processing parameters on dilution ratio of cladding layer of as-fabricated parts, stainless steel 316 powder and thin substrates (10 mm) of A3 steel were used to carry out the cladding experiments. Then, the cladding material and substrate obtained with different parameters were cut apart along the cross section. Next, the related sizes were measured according to the definition and formula of dilution ratio mentioned above. Finally, the calculation data were plotted to ascertain the influence regularity. Fig. 3 shows the influence of powder feeding rate and scanning speed on dilution ratio as the laser power P is 1 kW and spot diameter D is 2 mm.
Experimental Results and Analyses
It can be seen from Fig. 3 that the dilution ratio increases with the acceleration of scanning speed when the other processing parameters keep constant. The dilution rate is related to the height of cladding layer and the depth of molten substrate. As the scanning speed is lower, the powder quantity entered into the molten pool increases in unit time. Accordingly, the height of cladding layer enhances, which is much greater in comparison with the depth of molten substrate, resulting in the decrease of dilution ratio. However, with the acceleration of scanning speed, the powder quantity flowed into the 
Advanced Materials Research Vol. 549 molten pool decreases in unit time. Consequently, the height of cladding layer reduces, so the size difference gradually diminishes between the height of cladding layer and the depth of molten substrate. As a result, the dilution ratio continuously increases. Furthermore, Fig. 3 indicates that the dilution ratio shows the reduction tendency with the growth of powder feeding rate while the other processing parameters remain permanent. Since the increase of powder feeding rate could induce the height growth of cladding layer, the percentage of molten depth of substrate in height direction decreases. As a result, the dilution ratio gradually declines. As demonstrated in Fig. 4 , the influence of laser power and scanning speed on dilution ratio as the powder feeding rate M is 4 g/min and spot diameter D is 2 mm.
In addition, Fig. 4 indicates that the dilution ratio increases with the growth of laser power as the other processing parameters keep constant, but the increasing degree is not evident. The reason is that on the one hand, the size of molten pool rises along with the addition of laser power, so the powder quantity entered into the molten pool increases in unit time. Accordingly, the height of cladding layer enhances, so the dilution ratio exhibits the descending trend; on the other hand, the growth of laser power could lead to the increase of molten depth of substrate, so the dilution ratio shows the rising tendency. However, the prior experiment has proven that the infunence of laser power on the height of cladding layer is not obvious. Considering the synthetical function results of the two sides, the dilution ratio displays the rising trend with the growth of laser power overall, but the increasing amplitude is not evident. 
Discussion
Laser Metal Deposition Shaping is actually the process of multiple-layer laser cladding under the control of computer. Accordingly, the dilution ratio is not only an important index to judge the laser cladding quality, but directly affects the interlayer bonding strength and performance quality of as-formed metal parts. Generally speaking, during the LMDS the interlayer dilution ratio should be less than 10%, and the best proportion is about 5%. It can ensure that the cladding layer has the higher shape and quality, and the metal parts fabricated by additive deposition possess the better quality, precision, microstructure and performance. The unsuitable dilution ratio is disadvantageous to the cladding quality. If the interlayer dilution ratio is very small, the melt of substrate is insufficient. As a result, it cannot ensure that there is enough bonding strength between cladding layer and substrate, so the cladding layer is inclined to generate disintegration and exfoliation. Nevertheless, if the interlayer dilution ratio is excessively great, the deeper remelting depth can induce that the cladding layers are melted repetitively, the heat affected zone expands, and the quality of as-formed metal parts deteriorates. Consequently, it is necessary to strictly control the dilution ratio in the process of LMDS, so the proper processing parameters should be chosen to ensure the suitable dilution ratio.
Summary
Summarily, the substantial LMDS experiments were performed to conclude the influence of processing parameters on dilution ratio of laser cladding layer. The results indicate that the influence degree of scanning speed is most significant, while that of laser power is relatively slight. In order to ensure the perfect forming quality and strong metallurgical bonding, it is necessary to choose suitable dilution ratio to accomplish the LMDS process.
